[1] Phase equilibrium experiments have been conducted on a primitive Pliocene olivine leucitite (WC-1) from the central Sierra Nevada, California. The near-liquidus phase relations were determined from 1.2 to 3.4 GPa and at temperatures from 1350°to 1460°C in a piston-cylinder apparatus. The composition with $2% H 2 O is multiply saturated with olivine and clinopyroxene at approximately 3.1 GPa and 1460°C and with 6% water in the coexisting melt phlogopite is stable. These results indicate that the magma was derived from a hydrous source at greater than 100 km depth. Xenoliths carried by other young Pliocene lavas in the vicinity of WC-1 have yielded temperatures of equilibrium from 700°to 900°C, with one outlier at 1060°C. These xenoliths are consistent with the hypothesis that the lower lithosphere under the Sierra Nevada delaminated just prior to the Pliocene, and fluid-metasomatized mantle melted to produce the high-potassium Pliocene lavas. We suggest that subduction-derived fluids drive a reaction that consumes garnet + orthopyroxene to create clinopyroxene + phlogopite, and that the high-potassium Sierran magmas are created by melting phlogopite-clinopyroxene metasomatized peridotite. 
Introduction
[2] Small volumes of high-potassium basaltic rocks occur in varying tectonic settings worldwide, including the Leucite Hills, Wyoming; the Sweet Grass Hills in Montana and Alberta; West Kimberley, Australia; the East African Rift; in the vicinities of Rome and Naples, Italy; the Colorado and Wasatch Plateaus; the Sierra Nevada, California; and western Mexico [e.g., Foley, 1992a; Righter, 2000; Wannamaker et al., 2000; Buhlmann et al., 2000; Van Kooten, 1980; Conticelli and Peccerillo, 1992, Rogers et al., 1992; Carmichael et al., 1996] . These rocks contain unusual mineral assemblages (including high-titanium and highfluorine phlogopite and leucite) and are often highly magnesian, indicating an unusual petrogenesis when compared to more abundant associated calc-alkaline or tholeiitic basalts.
[3] High-potassium lavas were erupted through the Sierra Nevadan granodiorites during the Pliocene, at about 3.5 Ma (earlier magmatism, in the mid-Miocene, was not as high in potassium). The most primitive lavas contain 12-13 weight percentage (wt %) MgO, and have Mg#s of 74-75 (Mg# = 100 Â molar Mg/[molar Fe + molar Mg]). These lavas also contain olivine phenocrysts with forsterite contents of 90.8-91, indicating that these high-MgO samples are in equilibrium with mantle olivine and represent liquid compositions. They are therefore potential near-primary liquid compositions from mantle melting beneath the Sierras.
[4] The purpose of this phase equilibrium study is to constrain the pressure-temperature conditions of mantle melting and the composition and mineralogy of the subcontinental mantle. By determining the melting conditions we hope to further constrain the triggering mechanisms for the melting events, and thus better constrain models for delamination under the Sierras. To accomplish these goals, we have also analyzed mineral phases in mantle xenoliths carried by these lavas and will use the inferred pressures and temperatures of equilibration and results by other researchers in adjoining areas to provide further information on lithospheric evolution.
Experimental Studies of High-Potassium Magmas
[5] In the last quarter century, approximately a dozen experimental studies have been carried out on high-potassium rocks and the subset of these studies relevant to this discussion is summarized in Table 1 . The majority of the studies found a multiple saturation point with clinopyroxene + olivine + phlogopite on the liquidus, and a minority also found orthopyroxene, garnet, or spinel. Without two Barton and Hamilton [1978, 1979] Bulk compositions are listed in wt %, normalized without H 2 O or CO 2 , which is listed in a separate column. Liquidus or near-liquidus phases are shown, a mark indicating the presence of the phase. Ol, olivine; C, pyroxenes and olivine in multiple saturation, these seemingly primitive rocks are not in equilibrium with a standard mantle assemblage of minerals, and researchers have suggested a spectrum of theories on their provenance. A comparison of the compositions in Table 1 also highlights the unusual primitiveness of the Sierran rocks in comparison to other high-potassium compositions.
[6] Most experimental studies obtained olivine + clinopyroxene + phlogopite at multiple saturation Righter and Carmichael, 1996; Hamilton, 1978, 1979; Edgar and Condliffe, 1978; Edgar et al., , 1980 . Nicholls and Whitford [1983] and Mitchell [1995] both obtained the assemblage clinopyroxene + garnet + phlogopite. Of the seven studies listed in Table 1 , only two found a combination of conditions and compositions that lead to saturation with orthopyroxene Sato, 1997] , and both appeared to require CO 2 to stabilize it. In none of their experiments could Nicholls and Whitford [1983] find conditions under which the magma was in equilibrium with orthopyroxene. Experiments with up to 10 wt % added orthopyroxene did not saturate with orthopyroxene, nor did experiments with 10 wt % added orthopyroxene and CO 2 completely replacing water. In that case even the effects of CO 2 could not bring the composition to orthopyroxene saturation. The effect of CO 2 on orthopyroxene stability has been noted previously; see Foley [1992a] and references therein. Esperanca and Holloway [1987] did study a composition saturated with orthopyroxene, but in addition they state that the ''ubiquitous'' absence of orthopyroxene on the liquidus of undersaturated magmas can be explained by a series of reactions with orthopyroxene and liquid at high pressure and temperature.
[7] Where orthopyroxene saturation was not achieved, the researchers concluded that the magmas had melted from mica-olivine-pyroxenites at, or close to, water saturation. Mitchell [1995] accepts previously published theories that the magmas are formed by melting amphibole-or phlogopite-bearing veins within harzburgite [Mitchell and Bergman, 1991; Foley, 1992b] . The five studies that failed to obtain garnet at pressures appropriate for garnet stability also raise questions about garnet stability with these compositions (see Table 1 ).
Petrologic Studies of High-Potassium Magmas
[8] A variety of petrologic and isotopic studies on highpotassium magmas have also led researchers to a hesitant agreement that some high-potassium magmas are the result of melting unusual mantle mineral assemblages created by metasomatism. Lloyd and Bailey [1975] suggested that high-potassium magmas in Uganda were produced by melting of phlogopite clinopyroxenites. They further suggest that the phlogopite-rich mantle may provide additional buoyancy to the lithosphere in East Africa. Later, Lloyd et al. [1985] melted a mantle xenolith from Uganda consisting of clinopyroxene, phlogopite, and minor titanomagnetite, sphene, and apatite, to test the source theory. They found that a 20-30% melt of this xenolith at 3.0 GPa and 1175°-1300°C closely matched the high-potassium lavas of that area, and concluded that the high-potassium magmas of the region were likely the product of melting phlogopite clinopyroxenites. Conticelli and Peccerillo [1992] studied potassic magmatism from central Italy and also concluded that these magmas were the result of melting a phlogopite pyroxenite. The source composition was created by the addition of subduction fluids to an olivine + orthopyroxene + clinopyroxene mantle that remained subsolidus until the cessation of subduction at the time of continental collision. Later extension and heating melted the metasomatized mantle and created the undersaturated magmas. This tectonic scenario is roughly similar to the Sierra Nevada.
[9] Isotopic studies also support the hypothesis of an unusual mantle source assemblage. Carlson and Nowell [2001] examined potassic magmas from the Colorado Plateau in light of growing evidence for nonperidotitic mantle compositions. They use Re and Os and other isotopic systems to analyze the likelihood that a melt came from a normal peridotite or from a nonperidotitic source. They find that the lowest silica compositions, katungites, are likely melts of mica-clinopyroxenites, and that the trend toward higher-silica minettes reflects increasing involvement of peridotitic wall rock. Buhlmann et al. [2000] finds that the minettes in south Alberta carry numerous phlogopite clinopyroxenite xenoliths. They also find that the xenoliths and all the Albertan and Montanan high-potassium lavas have low e Nd , ranging from 0 to À27. Low e Nd signatures seem to be ubiquitous among high-potassium magmas [e.g., Wannamaker et al., 2000; Farmer et al., 2002] . Buhlmann et al. [2000] concludes that the most magnesian minettes were formed by melting clinopyroxene + phlogopite ± olivine at pressures greater than 1.7 GPa and perhaps as great as 3.0 GPa. Other members of the highpotassium suite were created by fractionating clinopyroxene + phlogopite ± olivine from the most magnesian of the magmas.
[10] In the Sierras, Van Kooten [1980] suggested that the high-potassium magmas formed by melting a phlogopiteand garnet-bearing clinopyroxene-rich upper mantle source at depths of 100-125 km. He suggests that clinopyroxene enrichment of the upper mantle occurred as a result of introduction of a partial melt and a fluid phase that carried Ba, Rb, Sr, K, and water. Where overlapping field relations are available, the lower potassium lava overlies the highpotassium lava, indicating depletion by melting of a single source.
[11] Foley [1992a Foley [ , 1992b suggested that ultrapotassic lavas are the result of melting clinopyroxene and phlogopite-rich veins in a peridotitic wall rock. He further suggested that increasing the amount of CO 2 in an H 2 O-CO 2 fluid component can lead to orthopyroxene saturation in a magma that is otherwise saturated with mica, clinopyroxene, and water. He suggests that ultrapotassic magmas are hybrids of melt components derived from the veins and others derived from the wall rock, and that melting in the veins is continuously buffered by either phlogopite or amphibole. Foley [1992b] and Hirschmann and Stolper [1996] find that many olivine-poor mantle lithologies have lower melting temperatures than peridotite.
Classification and Tectonic Settings of High-Potassium Lavas
[12] High-potassium rocks have been classified in a number of ways over the past decades. To classify the high-potassium rocks of the Sierras, we follow the defini-tions of Farmer et al. [2002] and Feldstein and Lange [1999] . Sixty-three lavas from the central Sierra Nevada are plotted in Figure 1 . Those with lower alkalis, in the basalt to dacite series and the trachybasalt to trachyte series, are named according to Figure 1a . The higher alkali series, basanite to tephriphonolite, is further subdivided on the basis of potassium content and mineralogy.
[13] High-potassium rocks are often defined according to the K 2 O-SiO 2 scheme of Peccerillo and Taylor [1976] , shown in Figure 1b . Lange et al. [1993] found, however, that rocks with identical potassium and silica contents (that would cause them to lie in the same place in Figure 1a ) could have distinctly different phenocryst assemblages, possibly caused by crystallization under different conditions (e.g., variable CO 2 and H 2 O contents). Farmer et al. [2002] define the high-potassium, low-silica Sierran rocks according to phenocryst and groundmass phases. These definitions differ somewhat from previous classification schemes, including that of Wallace and Carmichael [1989] . The rocks we consider in detail in this study are categorized as absarokites, olivine leucitites, and basalts, and the xenoliths considered were carried to the surface in trachyandesites.
Tectonic Setting of the Central Sierra Nevada
[14] Prior to the Miocene, there was active subduction of the Farallon plate to the west of the present Sierra Nevada. Subduction ended in the Miocene. Despite the height of the Sierra range and the size of the batholith, seismic studies indicate that the Moho is deepest in the western Sierra ($43 km), and becomes shallower to the east [Jones et al., 1994; Fliedner et al., 1996] . Under the central Sierra the Moho lies at about 35 km [Fliedner et al., 1996; Wernicke et al., 1996] . Based on these observations, a number of researchers have proposed that the deep lithospheric root created by batholith production has delaminated. It is now thought that the high topography in the Sierras is caused by Peccerillo and Taylor, 1976] . Kings and San Joaquin volcanic field data are from Farmer et al. [2002] ; Basin and Range and Deep Spring Valley lava compositions are from Beard and Glazner [1998, and references therein] . A box marks the composition WC-1 used for the experiments in this study. buoyant asthenospheric upwelling rather than isostatic equilibrium with a deep root.
[15] Ducea and Saleeby [1996 , 1998a , 1998b have proposed a history for the lithosphere under the Sierras based on thermometry and barometry of crustal and peridotite xenoliths. They find that the xenoliths with equilibration pressures corresponding to 35-100 km depth date from 80 to 120 Ma, the age of the most voluminous batholithic emplacement (Figure 2 ). They propose that the batholith emplacement created at least 70 km of mafic cumulates and residues under the Sierras, forming a thick keel [Ducea and Saleeby, 1998a] . They find that xenoliths in younger lavas equilibrated between 1100°and 1200°C and suggest that the keel delaminated between 10 and 3 Ma Saleeby, 1996, 1998b] . Manley et al. [2000] suggest that delamination occurred at 3.5 Ma, based on the sudden pulse of magmatism that provided the rocks used in this study, following the low level of magmatism that had persisted since 13 Ma. The potassic and ultrapotassic, low e Nd nature of these magmas is also in stark contrast to those that came before, and therefore the petrogenesis of these rocks must be strongly linked to the tectonic events. Farmer et al. [2002] found that only shallow, potassium-rich spinel peridotite xenoliths have the requisite low e Nd needed to form the Pliocene magmas. Heating and melting such a shallow source is consistent with delamination. Lee et al. [2001] found evidence in xenoliths that hot asthenosphere and cold lithosphere were juxtaposed, demonstrated by high-temperature xenoliths with shallow equilibration pressures (temperatures are given in Figure 2 ). Though their evidence does not unequivocally indicate that delamination occurred in the Pliocene, the data indicate that if removal occurred in the Miocene, the delamination was only partial, whereas if the delamination occurred in the Pliocene, delamination was complete.
Experimental and Analytic Techniques

Electron Microprobe Analysis of the Natural Compositions
[16] We analyzed mica and olivine phenocrysts from five primitive lavas (WC-1, WC-6, TD-3, . The bulk compositions of these rocks are given in Table 2 (sample numbers and bulk compositions are from Farmer et al. [2002] , in which map of locations can also be found). According to our scheme, samples TD-3, TD-8, and WC-6 are absarokites, TD-14 is a basalt, and WC-1, with the lowest silica of the group, is an olivine leucitite. Mineral phases in phlogopite peridotite xenoliths from six Pliocene lavas are also analyzed.
[17] Analyses were performed on the MIT JEOL-JXA-733 Superprobe, using a 10-mm spot size with a 10-nA beam current and an accelerating voltage of 15 kV, for oxide components SiO 2 , TiO 2 , Al 2 O 3 , Cr 2 O 3 , FeO, MnO, MgO, 
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CaO, Na 2 O, K 2 O, and P 2 O 5 . For the olivines, only analyses with totals between 98.50 and 101.50 oxide wt % were included in our data set. The CITZAF correction package of Armstrong [1995] was used to reduce the data and obtain quantitative analyses.
Experiments on Synthetic Analogs of Composition WC-1
[18] From the analyzed primitive Sierran lavas, olivine leucitite sample WC-1 was chosen as the best candidate for a primary magma composition. Three synthetic experimental starting materials were prepared, each designed to investigate a separate aspect of the production of magma WC-1. We used these synthetic analogs because complete reequilibration of even very finely ground natural samples did not occur during the run durations used in this study.
[19] The first synthetic composition is an analog of the bulk composition of WC-1 and is called SYNWC-1. This composition was prepared from high-purity oxides and ground under ethyl alcohol for 6 hours. We conditioned the material by pressing the powder into a pellet using Elvanol as a binding agent and hanging the pellet in a 1-atm Deltech furnace for 24 hours at 1000°C with an oxygen fugacity corresponding to the iron-wustite buffer. After conditioning, the material was melted to a glass in a piston-cylinder apparatus and found to have lost more than half its Na 2 O, K 2 O, and P 2 O 5 . This volatile loss likely occurred in the gas-mixing furnace, even though the gas flow was extremely low. Because of the high volatile content of this composition, we then used only unconditioned powder in the subsequent experiments. It was further found that Na 2 O had been lost in processing the powder, and an appropriate amount of liquid NaOH was added to make up the deficit. NaOH is strongly hygrophilic and its use resulted in adding $2% H 2 O of the final starting material, calculated by difference in microprobe analyses of experiments containing only glass. The composition of this starting material is shown in Table 2 . The near-liquidus phase relations of this SYNWC-1 starting material were determined in experiments from 1.2 to 3.4 GPa (corresponding to about 40-115 km depth) and at temperatures from 1350°to 1460°C. For each experiment $10 mg of unconditioned starting material was packed into a graphite crucible and capped with graphite. The capsule was then fitted into a hole drilled into the end of an MgO cylinder (or, in some cases, placed on top of the MgO cylinder inside an alumina ring), powdered graphite was packed around the capsule, and the assembly positioned in the hot spot of a graphite heater with MgO spacers, using BaCO 3 as the pressure medium. The experiments were performed in a 0.5-inch piston-cylinder apparatus. Pressure and temperature calibrations are described by Wagner and Grove [1997] .
[20] Experiments in the piston cylinder apparatus were pressurized to 0.8 GPa, heated to 865°C at 100°C/min, pressurized to 1.5 GPa, heated to the run temperature at 50°C/min, and then brought to final run pressure. When the final run pressure was less than 2.4 GPa to obtain crystalfree glass the experiments were temperature-and pressurequenched by shutting off the power to the furnace and simultaneously dropping the pressure on the experiment to 0.8 GPa. In experiments at pressures above 2.4 GPa, the experiment was terminated by turning off the power alone and allowing the experiment to cool. Cooling to 500°C takes about 11 s, which was usually sufficient to quench the liquid in the experiments to analyzable glass.
[21] Because initial experiments using SYNWC-1 showed that the composition is not multiply saturated with orthopyroxene, a second synthetic composition was created to determine the composition's proximity to orthopyroxene saturation. These experiments are motivated by the normal a priori assumption that a primary mantle melt must be in equilibrium with two pyroxenes and olivine and thus are intended to challenge the hypothesis that these magmas may have originated from unusual mantle compositions. In this model, a parental magma to WC-1 existed and fractionated alumina-and silica-rich phases to create WC-1. This second composition, SYNWC-1 + Si + Al, was created by adding 10% high-purity SiO 2 and 5% Al 2 O 3 to the existing WC-1 mix. This composition is listed in Table 2 . SYNWC-1 + Si + Al experiments were performed at 3.3 and 2.5 GPa, to increase the chances of obtaining analyzable results and acceptable mass balances.
[22] The third experimental starting material was designed to explore the effects of water content on the multiple saturation of WC-1 and search for the stability field of phlogopite. Substituting brucite rather than MgO for the Mg component produced an experimental composition that contained about 6 wt % H 2 O, called SYNWC-1 + H 2 O. The starting material for these experiments was welded into Au 80 Pd 20 capsules that had been preconditioned for Fe equilibrium with SYNWC-1. The technique of Gaetani and Grove [1998] was followed in conditioning the capsules. Each capsule was welded at one end, packed with synthetic SYNWC-1 powder, and placed in a 1-atm (1 atm = 101,325 Pa) furnace at 900°C and at an oxygen fugacity equivalent to the QFM buffer. The temperature in the furnace was raised to 1200°C over a period of 3 hours, to allow slow devolatilization and avoid having the SYNWC-1 powder froth out of the capsules while melting. The capsules were conditioned for 4 days. After the first day, they were briefly removed from the furnace and repacked with more SYNWC-1 powder. Following conditioning, the capsules were cleaned with iterative heated baths of hydrofluoric and hydrochloric plus nitric acids. For each experiment, a capsule was packed with SYNWC-1 + H 2 O powder, welded shut, and placed in a graphite capsule as for the dry experiments. The remainder of the assembly and analysis was performed as described in the section for dry SYNWC-1.
[23] Following quenching, all the experimental charges were sawn in half vertically, mounted in 1-inch epoxy disks, polished, and carbon-coated. The crystalline phases were analyzed at MIT on a JEOL-JXA-733 Superprobe as described in the previous section. When the pool of glass was large enough, glasses in the experimental charges were analyzed with a beam diameter of 20 mm. A materials balance calculation was used to estimate phase proportions and to determine whether any oxides had been lost from the experimental charge. The high-volatile and highmagnesium content of this composition made maintaining perfect isolation of the experimental charge particularly difficult, especially when coupled with the relatively high pressures for the piston cylinder. Whenever the conditions placed the experiment close to the liquidus, the glass would flow through any available crack in the graphite capsule, gaining MgO and losing FeO, Na 2 O, K 2 O, and P 2 O 5 . This phenomenon led, in particular, to fallacious appearances of olivine in experiments that were actually at conditions above the liquidus. Careful examination of the materials balance calculations was necessary, along with multiple repetitions of experiments at the same conditions.
Experimental and Analytic Results
Olivine and Phlogopite in the Natural Lavas
[24] To evaluate the most suitable samples for experimental study, we analyzed selected phenocryst (olivine) and groundmass (phlogopite) minerals in five lavas. Between 7 and 31 olivine core analyses were made in each of the five natural compositions studied, WC-1, WC-6, TD-3, TD-8, and TD-14. The results of these analyses are listed in Table 3 . The phenocrystic olivines vary in size up to about a millimeter and are often euhedral. Complete petrographic descriptions of these lavas are found in the work of Feldstein and Lange [1999] .
[25] The cores of the olivines represent the liquidus olivine of the bulk composition. We calculated the liquidus olivine composition that would be expected for the bulk Mg# of the rock, given an olivine-melt Fe-Mg exchange coefficient,
, of between 0.29 and 0.32. If the measured olivine cores match the calculated equilibrium olivine composition, then the bulk rock may be considered a liquid composition. For all the compositions the expected liquidus olivine compositions lie between Fo 88.7 and Fo 91. Samples WC-1 and WC-6 have the highest expected liquidus olivine forsterite contents, the first indicator of primitiveness. WC-6 and TD-14, however, contain no olivines with forsterite contents within the ranges predicted. These two compositions, therefore, may be cumulate compositions and are not candidates to be liquid compositions. The other three samples, WC-1, TD-3, and TD-8, are likely primitive liquid compositions.
[26] Between 5 and 20 analyses of groundmass phlogopite were made in each of the natural samples. The results of these analyses are listed in Tables 4a and 4b . The totals obtained varied from 90 to 100 wt %, indicating widely varying hydroxyl contents among the samples analyzed (OH is inferred by difference). The expected analytical total for phlogopite when OH is not analyzed is 96 wt %. The micas, notably, contain between 6 and 10 wt % TiO 2 , and 2.6 and 4.7 wt % F. Tables 4a and 4b also show the average phlogopite composition for each sample recast into the chemical formula for phlogopite. The analyses were recalculated on a basis of filled tetrahedral and octahedral sites (eight, for these trioctahedral micas), rather than on an oxygen basis, because of unanalyzed water. Between 34 and 51% of the hydroxyl sites in these micas are taken up by F, P, or Cl rather than water; sample WC-1 has the highest percentage of nonhydroxyl residents in the OH À site.
[27] Microprobe transects were made across several phlogopite crystals from four of the five natural lavas. In all cases, potassium is strongly enriched at the rims of the phlogopite crystals, while fluorine, chlorine, and iron remain constant throughout the transect. Silica is slightly enriched at the edges of the grains, and aluminum is depleted at the edges. Titanium is depleted at the edges of all the micas with the exception of those in sample WC-1, in which titanium is somewhat enriched at the edges of the grains. These changes may reflect changes in magma composition during the crystallization of the phlogopites. For example, silica enrichment may occur when less titanium and aluminum are available to take up that site. That fluorine remains constant may reflect either that availability of water is not a limiting factor in crystallizing phlogopite, or that fluorine and water are equally likely to take up the site, and their ratio in the site in that case reflects the ratio of fluorine to water in the bulk composition. Van Kooten [1980] demonstrated, using a plot of fluorine versus potassium content for whole rock analyses, that the high fluorine content in ultrapotassic rocks must be the result of phlogopite in the source. The high fluorine content of the micas in these Sierran lavas matches the fluorine content found in West Kimberley lamproites [Van Kooten, 1980 and references therein].
Xenoliths
[28] Dodge et al. [1986] provide petrographic descriptions of lherzolite xenoliths found in the Kings River Volcanics.
We chose six xenoliths for petrologic analysis. Of the six xenoliths analyzed, four were carried by trachyandesite TD-1 and are designated TD-1-A, TD-1-F, TD-1-G, and TD-1-I. A fifth xenolith was carried by an unclassified flow and is labeled KVF-1-2-A, and the sixth xenolith was carried by basaltic andesite BK-003 and is designated BK-003-A [sample names from Farmer et al., 2002] . All of the xenoliths are small, less than 4 cm in diameter, and all exhibit some level of alteration. TD-1-F, TD-1-G, TD-1-I, and BK-003-A are large grained (grains on the millimeter scale and larger), while TD-1-A and KVF-1-2-A are finer grained. Each of the xenoliths contains orthopyroxene, clinopyroxene, and phlogopite. TD-1-A and TD-1-G have no olivine, and TD-1-I has very little olivine. All the xenoliths except TD-1-G contain spinel, and sample KVF-1-2-A has at least three populations of spinels (TD-1-G contained neither spinel nor garnet). Analyses of all phases are given in Table 5 .
[29] An interesting reaction relationship is preserved in the xenoliths. Where the large xenolith mineral grains are in contact with the enclosing magma, there was no reaction except when the xenolith grain was orthopyroxene. Each orthopyroxene grain has a thick reaction rim of clinopyroxene + phlogopite ± spinel ± olivine, while the clinopyroxene, olivine, and phlogopite grains in the xenolith have no reaction rims (see Figure 3) .
[30] The compositions of coexisting ortho-and clinopyroxene from the xenoliths were used for thermobarometry.
Using the geothermometer QUILF [Anderson et al., 1993] , we were able to obtain estimates and errors for temperatures of final equilibration. These are shown in Figure 2 and Table 5 . The temperatures found for these xenoliths, carried by Pliocene lavas, are arguably slightly hotter than temperatures calculated by previous researchers for xenoliths found Other phases in BK-003-A were not analyzed.
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in Miocene lavas [Ducea and Saleeby, 1998b; Lee et al., 2001] .
Synthetic WC-1 Experiments
[31] The phase diagram for SYNWC-1 is shown in Figure 4 . The 29 experiments locate a multiple saturation point with olivine and clinopyroxene on the liquidus at 3.1 GPa ($100 km depth) at 1460°C. Olivine is the liquidus phase from 1 atm pressure to the multiple saturation point. Above the multiple saturation point clinopyroxene is the liquidus phase. The phase relations at about 3.1-3.3 GPa have been determined in more detail. Olivine and clinopyroxene cocrystallize over a temperature interval of $15°C, below which spinel is also a crystallizing phase. The small temperature interval between multiple saturation on the liquidus and the appearance of spinel may indicate that spinel was exhausted from the source during melting. As much as 60°C below the multiple saturation point, olivine + clinopyroxene + spinel are still the crystallizing phases; orthopyroxene has not appeared.
[32] The 12 experiments that contained analyzable glass and contained well-grown homogeneous phases were used to calculate crystal-liquid exchange equilibria. Table 6 . Seven other experiments (numbers 1, 2, 3, 4, 18, 19, and 20 .2) were above the liquidus, and an additional five experiments (10, 15, 24, 25 , and 26) contained recognizable phases but had no analyzable glass. A backscattered electron image of experiment 16 is given in Figure 5 .
[33] The purpose of composition SYNWC-1 + Si + Al was to obtain a multiple saturation point with two pyroxenes and olivine, the expected mantle assemblage. Of the five experiments conducted on this composition, none produced orthopyroxene. The run conditions and products for two experiments are listed in Table 6 and a backscattered electron image is shown in Figure 5 . The third synthetic composition, SYNWC-1 + H 2 O was saturated with olivine + phlogopite + clinopyroxene + spinel on its liquidus at 2.5 GPa. None of the water-added experiments achieved acceptable mass balances. At the experimental pressures needed to find the wet multiple saturation point, the welds on the inner metal capsules burst and water and the experiment were frequently lost. In the few experiments that could be analyzed, phlogopite was stable. These experiments are listed at the bottom of Table 6 . Inferred phase relations from these ECV experiments show that the WC-1 composition is multiply saturated with olivine + clinopyroxene + spinel + phlogopite at $ 2.5 GPa and 1375°C.
Discussion
Source Materials for High-Potassium Sierran Lavas
[34] Because the purpose of this experimental study is to determine the mantle melting conditions and compositions that lead to the production of the high-potassium magmas in the Sierras, it is first necessary to ensure that the starting composition used is as close to a primary mantle melt as possible. One of the traditional tests is for equilibrium with mantle olivine, expected to have a forsterite content that lies within the range of 89-93. As described above, based on the olivine analyses made the three samples WC-1, TD-3, and TD-8 are likely primitive liquid compositions if they originated from a source with mantle olivine.
[35] If the magma WC-1 is primary and the result of batch melting, then its multiple saturation point represents the temperature, depth, and mineral assemblage with which the magma was last in equilibrium; this generally is interpreted as the residue that was left behind at the time of melt segregation. If the magma was not primary, then it may be multiply saturated with the phases that fractionated (again assuming that only fractionation has occurred and no interaction with surrounding or mixing with other magmas) on its journey from source region to site of eruption. In Figures 6 and 7 the bulk compositions used in the experimental studies described above and in this study are plotted in ternary diagrams. The compositions that are saturated with orthopyroxene are marked with open circles. Two, labeled Hesse and Sato, are multiply saturated with four mantle phases. The Sato composition is only saturated with orthopyroxene when CO 2 is in the volatile phase.
[36] In the olivine + clinopyroxene + quartz pseudoternary projection, the hypothetical magma parental to WC-1 would be close to a composition that is multiply saturated with mantle phases if it had fractionated 20% clinopyroxene and 20% olivine. This is an impossible scenario for several reasons. First, the magma likely contained at least 3 -5% H 2 O before eruption [e.g., Feldstein and Lange, 1999] , and our experiments indicate that the magma is multiply saturated with phlogopite under hydrous conditions. Therefore fractionation of only clinopyroxene and olivine is unlikely. Second, a parental magma made from WC-1 plus 20% clinopyroxene and 20% olivine would have an Mg# of about 80 and have been precipitating olivines of near pure forsterite, a situation that seems highly unlikely. Last, in the other pseudoternary figure, adding clinopyroxene and olivine will not move the composition close to any composition saturated with orthopyroxene.
[37] A second line of evidence that the Sierran magmas did not contain enough dissolved volatile component to saturate with orthopyroxene before eruption is found in the rims of the xenoliths. Though these xenoliths were not carried by WC-1, they were carried by magmas closely related compositionally and spatially. In every case where an orthopyroxene in a xenolith touches the magma that carried it, the orthopyroxene has a thick reaction rim of clinopyroxene + phlogopite + spinel ± olivine. Xenolithic phlogopites, olivine, and clinopyroxenes have no reaction rim. If the magma was saturated with orthopyroxene, these reaction rims would not have formed. In a parallel finding, Feldstein and Lange [1999] found only two Sierran highpotassium lavas out of the 38 studied contained any orthopyroxene, and the orthopyroxene found was in a clot surrounded by clinopyroxene. We therefore conclude that magma WC-1 is a near-primary mantle melt, and that it melted from a fluid-metasomatized source consisting of olivine + clinopyroxene + phlogopite ± spinel in the presence of water. This conclusion also implies that the xenoliths carried by related magmas are not examples of the source of the magma, but lithospheric material entrained in the eruption, because the xenoliths all contain two pyroxenes. The temperatures and pressures of xenolith reequilibration are consistent with this proposal.
[38] Mantle metasomatic reaction textures that create phlogopite and clinopyroxene are common in cratonic peridotite [Erlank et al., 1987] . The metasomatism creates both phlogopite, clinopyroxene, and spinel through reaction of garnet and orthopyroxene (see Figures 2, 3 , and 4 of Erlank et al. [1987] ). Such reaction textures lead to veins and also create interconnected polymineralic textures with olivine. If such a metasomatized peridotite were melted, the resulting interconnected porous flow network could be created by melting the phlogopite + clinopyroxene + spinel metasomatic zones. In addition to their occurrence in the Kaapvaal craton, phlogopite-clinopyroxenite xenoliths have also been found in a number of localities, including Alberta [Buhlmann et al., 2000] , Uganda [Lloyd et al., 1985] , and Tanzania [Furman, 1995] .
[39] Based on the lack of both orthopyroxene and garnet in many experimental studies, we suggest that the presence of a water-rich subduction fluid reduces the stability of both garnet and orthopyroxene and makes phlogopite the stable aluminous phase. The metasomatic reaction that transforms garnet lherzolite to spinel-phlogopite-clinopyroxene peridotite has been described by Erlank et al. [1987] :
This reaction is based on petrologic observation of metasomatic replacements found in the Kaapvaal peridotites and is consistent with the constraints from phase equilibria and with the mineral relationships seen in the Sierran xenoliths and lavas. The fluid envisioned must be rich in the elements K, Rb, Sr, Ce, and Ba, to match the unusual enrichments found in the high-potassium lavas. Because the metasomatized mantle is the result of exchange reactions, and not melting residues or cumulates created by fractional crystallization, this metasomatized mantle will melt to create lavas with Mg#s similar to those of normal peridotite melts, as are seen in the Sierras, and in sample WC-1.
Depths and Temperatures of Melting Under the Sierra Nevada at 3.5 Ma
[40] The magma WC-1 was formed by melting under hydrous conditions, and it contained water when it erupted ELKINS-TANTON AND GROVE: SIERRAN HIGH-POTASSIUM MAGMAS [1999] have estimated that the magma held 3 -5% H 2 O before eruption, and the H 2 O content could have been higher earlier in the magma's ascent. Our experiments show that phlogopite is stable with 6% water in the magma.
ECV
[41] Researchers are in agreement that addition of H 2 O lowers the temperature of multiple saturation. Figure 8 shows the effect of H 2 O on the temperatures and pressures of melting of the high-potassium magma phase equilibrium experiments described in Table 1 . In a number of cases, experimentalists investigated the multiple saturation of a composition with varying H 2 O contents. The experiments that were conducted on the same composition with varying H 2 O content are connected with lines, demonstrating the Table 1 shown in olivineclinopyroxene-quartz pseudoternary projections. Note that in the olivine-clinopyroxene-quartz figure, the olivine and clinopyroxene axes are extended past 100%, into silicaundersaturated space. At the top, the compositions are labeled according to their authors in Table 6 , with the exception of two compositions from this study: SYNWC-1 and SYNWC-1 + Si + Al. Compositions with orthopyroxene as a liquidus or near-liquidus phase are shown as open circles; those with no orthopyroxene as a run product are shown as solid triangles. Note the extreme silica undersaturation of many of these compositions, but that compositions with orthopyroxene are both saturated and undersaturated. Vectors represent 20% addition of clinopyroxene, phlogopite, and olivine, as marked, to bulk composition SYNWC-1. Additive phase compositions are from liquidus, near-multiple saturation point experiments 16 and 20.2 from this study. It has been suggested that some bulk compositions lack orthopyroxene saturation because they had fractionated liquidus phases. BH8, Barton and Hamilton [1978] ; BH9, Barton and Hamilton [1979] ; E76, Edgar et al. [1976] ; E80, Edgar et al. [1980] ; EH, Esperanca and Holloway [1987] ; HG, Hesse and Grove [2003] ; NW, Nicholls and Whitford [1983] ; RC, Righter and Carmichael [1996] ; S, Sato [1997] . change of multiple saturation with H 2 O content. These are also shown as gray lines in Figure 9 , within the context of magmatism in other tectonic settings. These two figures demonstrate the interaction of water content, composition, temperature, and pressure in allowing the onset of melting. Righter and found that at 1.5 GPa, $5 wt % H 2 O depresses the liquidus by 100°C. Sato [1997] states that 6 -12% H 2 O lowers the liquidus 100°C at 5.0 GPa. These results are similar to the results of Gaetani and Grove [1998] , who showed that the liquidus of an anhydrous depleted MORB mantle source is lowered 150°C at 5% H 2 O, and Baker et al. [1994] showed that the liquidus of a Figure 7 . Bulk compositions and assimilation vectors as in Figure 6 , shown in an olivine-clinopyroxene-potassium feldspar pseudoternary projection. In this projection, phlogopite addition is required to move the composition WC-1 toward orthopyroxene multiple saturation, in contradiction to Figure 6 . BH8, Barton and Hamilton [1978] ; BH9, Barton and Hamilton [1979] Table 1 , showing the changes in multiple saturation with addition of water. Experiments done with varying water contents on the same bulk composition are shown linked with lines. The estimated melting point of WC-1 with 6 wt % H 2 O is shown with a gray square. Increasing the water content of a composition results in melting at a lower temperature, though the experimental results do not present a constant relationship between water content and melting point depression. This may be due in part to the interaction of other incompatible oxides in the bulk compositions. Unlabeled points are from Barton and Hamilton [1978, primitive Cascades magma is lowered 170°C with addition of 6% H 2 O.
[42] All the studies show that H 2 O decreases the temperature of multiple saturation, and most studies show that H 2 O increases the pressure of multiple saturation (Figures 8 and 9 ). Only Nicholls and Whitford [1983] show a decrease in the pressure of multiple saturation with the addition of water. This contrasting result may be an artifact of their analysis of experimental results, or it may be a true effect of the unusual compositions studied; the movement of multiple saturation to lower pressures with the addition of water is considered anomalous until replicated by other researchers. In any case, the effect of water on temperature of melting is much more profound than its effect on pressure.
[43] Sato [1997] performed well-characterized experiments on a composition similar to WC-1. Their results show that the temperature of melting is reduced by about 7°C per percent of water in the melt, and that the pressure of melting is increased by about 0.15 GPa per percent of water in the melt. If these results are applied to the absarokite used in this study, then the multiple saturation point of the 2% H 2 O WC-1 composition from 3.1 GPa and 1460°C to 3.7 GPa and 1430°C with 6% H 2 O. This hypothetical multiple saturation point is in agreement with the estimates Van Kooten [1980] made for Sierran ultrapotassic basanites, estimated to have a source at 100 -125 km depth (temperature was unconstrained by Van Kooten).
[44] Melting of these Pliocene high-potassium magmas under the Sierras was therefore deep but not unusually hot. In Figure 9 , the multiple saturation points of high-potassium magmas are compared to temperatures and depths of melting in other tectonic regimes. To first order, continental arc magmas and MORB magmas are produced at similar pressures and temperatures. The high-potassium magmas are produced at an astonishingly wide range of pressures, and at a wide range of low temperatures because of their high abundances of alkali elements. This is consistent with the low volumes in which they are produced: if temperatures in the melting region were higher, then the unusual mantle mineral assemblages that produce the high-potassium magmas would be exhausted and larger-volume melts with more normal basaltic compositions would be created.
[45] In contrast to the very low silica content of WC-1, with its deep provenance, the more silicic magmas are produced at lower pressures, such as the estimates of Righter and and also the estimates of Feldstein and Lange [1999] for minettes in the Sierra Nevada. Carlson and Nowell [2001] found that the lowest silica compositions, katungites, are likely melts of micaclinopyroxenites, and that the trend toward higher-silica minettes reflects increasing involvement of peridotitic wall rock. This trend may be what is seen in the Sierras, where only the lowest silica compositions, such as those from this study, are produced at great depth from phlogopite-clinopyroxene peridotites.
Tectonic Setting
[46] There may be mechanisms to trigger melting other than delamination, but delamination remains the strongest hypothesis for the following reasons: (1) there is evidence for delamination from seismic studies [Jones et al., 1994; Fliedner et al., 1996] ; (2) xenolith data from this study and other researchers support the delamination scenario; and (3) delamination provides a clear mechanism for beginning and ending magmatism. However, it is important to note that the depth of multiple saturation found in this study is great enough that it does not require foundering. In the absence of foundering, a mechanism is required that initiates magmatism at 3.5 Ma but not in the previous 80 Ma since subduction ended. For the deep provenance of the magma studied here, it is possible that the metasomatized mantle formed at depth just above the subducting slab as recently as 80 Ma ago, and slowly ascended through buoyant Stokes flow until it reached its solidus and melted at 3.5 Ma, producing WC-1 and other high-potassium magmas. The velocity of ascent is given by a simple Stokes flow equation:
where Ár is the difference between the densities of the background mantle and the metasomatized source, set here at 100 kg/m 3 ; r is the radius of the ascending metasomatized mantle, and h is the viscosity of the background mantle. The background viscosity and the size of the ascending metasomatized source are, then, crucial to the calculation. For ascending sources smaller than 2 km in radius, the background viscosity must be 10 19 Pa or less to allow ascent in 80 Ma. Two significant arguments can be made against the simple ascent hypothesis; however, first, the higher-silica magmas studied by Feldstein and Lange [1999] originated at shallower depths that probably require lithospheric thinning; and, second, special pleading would be necessary to argue that all the metasomatized mantle arrived at its solidus at 3.5 Ma with little scatter in time.
[47] We therefore concur with both Farmer et al. [2002] and Lee et al. [2001] in their suggestion that warm asthenospheric upwelling into the space provided by lithospheric delamination under the Sierras triggered the small-volume high-potassium magmatic activity in the Pliocene. We suggest that mantle previously metasomatized by subduction fluids lay at some depth beneath the lithosphere, at a pressure too high to allow melting. When the lower lithosphere delaminated, the phlogopite-clinopyroxene-rich mantle flowed upward into the void in the lower lithosphere (material would be pulled into the void left by the sinking delaminated material, and the dome in the lithosphere will drive a small convection cell in that place [Elkins-Tanton and Hager, 2000] ). The phlogopite component of the material will significantly lower its viscosity and facilitate flow. This material can then melt adiabatically as it reaches its solidus close to the bottom of the lithosphere, and the high-potassium magmas will migrate through the remaining lithosphere to erupt. Hypothesizing that the phlogopiteclinopyroxene metasomatized peridotite source remained deeper in the mantle until delamination also explains why it was not available to melt in the Miocene.
Conclusion
[48] Based on our experimental results and previous studies showing multiple saturation with olivine + clinopyroxene + phlogopite, we conclude that the high-potassium magma WC-1 melted from a phlogopite-clinopyroxene metasomatized peridotite. The 2% H 2 O composition (SYNWC-1) is multiply saturated at 3.1 GPa and 1460°C, and we suggest that the multiple saturation point at 6 wt % H 2 O is at 3.7 GPa and 1430°C. This hydrous multiple saturation point can be regarded as the approximate depth and pressure of last equilibration of the magma with the metasomatized, phlogopite-clinopyroxene peridotite source it melted from.
[49] We hypothesize that the phlogopite-clinopyroxene metasomatized peridotite source lay beneath the Sierran lithosphere until delamination some time before the Pliocene, at which time the source material rose into the lithospheric dome and melted adiabatically to produce the high-potassium magmas. These lavas also carried xenoliths to the surface. Based on QUILF thermometry on six such xenoliths, we find that four of them record cool, upper lithospheric conditions, perhaps reflecting the upper lithosphere shortly after delamination.
[50] We further hypothesize that subduction-derived fluids drive a reaction that converts garnet + orthopyroxene to clinopyroxene + phlogopite, creating a phlogopite-clinopyroxene metasomatized peridotite while maintaining overall Mg#. Such a source is consistent with experimental results, bulk compositions, and xenolith/lava reaction relationships found in the Sierras.
